Summary. In this paper we present laboratory measurements of compressional and shear wave velocities of a diverse suite of gabbroic rocks collected from the walls of the Mid-Cayman Spreading Centre with DSRV Alvin. The degree of deformation and alteration affecting these gabbros is quite variable, and we believe that they are typical of plutonic rocks emplaced at shallow levels (upper portion of seismic layer 3 and shallower) of the oceanic crust. The compositional and textural variations are reflected in the wide range of laboratory velocities which span most of the range of seismic velocities reported for oceanic and ophiolite rock samples including basalts, gabbros, ultramafics, and their altered derivatives. Based upon the laboratory velocities and the geological setting of the Mid-Cayman gabbros, it is argued that no unique lithology, except anhydrous peridotite, can be unequivocally identified in the oceanic lithosphere from seismic velocity data alone. Furthermore, these data allow for the possibility of considerable lithologic heterogeneity within portions of the oceanic crust at the scale of a few centimetres to a few hundred metres. Such heterogeneities would go unrecognized because seismic refraction studies mask these variations resulting in a picture of apparent uniformity.
Introduction
Existing constraints on our understanding of the composition and structure of the deeper portions of the oceanic crust do not lead to an unambiguous interpretation, but a few firstorder boundary conditions emerge. Recent seismic refraction investigations that have been carefully located to avoid known crustal discontinuities and topographic complexities (i.e. fracture zones) and that employ sophisticated experimental techniques, arrive at velocity solutions suggesting that parcels of oceanic crust are vertically and laterally homogeneous over distances of several tens to hundreds of kilometres (Spudich & Orcutt 1980b; Purdy 1983; Purdy & Ewing 1986) . The travel-time and amplitude data obtained by seismic refraction experiments are based on the propagation of seismic energy with wavelengths of 400-800 m along travel paths that are 10 to several tens of kilometres in length (Spudich & Orcutt 1980b; Purdy 1983; Bratt & Purdy 1984; Purdy & Ewing 1986) . Therefore, even the best constrained seismic refraction investigations can resolve the velocity structure of the oceanic crust at a length-scale no better than several hundred metres at shallow levels and approximately a thousand metres at deeper levels. Smaller heterogeneities within the crust will not be clearly defined, and the inferred velocity structure will be the product of an averaging process. From seismic velocity data alone there is no way to establish whether or not a given velocity structure represents a well-ordered and relatively homogeneous assemblage of lithologies or the average of a variable and mixed assemblage of igneous and metamorphic rocks.
In order to establish a link between the variety of rocks recovered from the seafloor and the seismic velocity structure of the oceanic crust, velocities of dredged oceanic rock samples have been measured under laboratory conditions (e.g. Fox, Schreiber & Peterson 1973; Christensen & Salisbury 1975; ). The results of these studies indicate that gabbroic rocks with variable compositions and metamorphic histories have velocities, for appropriate confining pressures (1 00-200 MPa) , that are typical of seismic layer 3 (6.7-7.2 km s-'). The conditions appropriate to the oceanic crust, however, are poorly known, but the distribution, geometry, and opening history of cracks and fractures and their relation to pore fluid pressure is expected to be complex and highly variable in time and space. In addition, there is substantial overlap of the ranges of wet and dry velocities for different rock types, especially at low confining pressures (eg. Fox et al. 1973) . These relations limit our ability to correlate specific rock types with discrete velocity intervals even assuming lithologic homogeneity at a seismic scale.
Furthermore, the correlation of laboratory results with seismically constrained velocity models of the oceanic crust introduces a non-trivial scale problem. Seismically constrained velocity models will be a function of a complex and varying three-dimensional mix of several factors: igneous mineralogy and texture; metamorphism of wide-ranging grade and intensity; distribution of cracks and pores; and lithostatic and pore fluid pressures. Laboratory measurements consider physical properties on the scale of several centimetres rather than hundreds of metres. A direct correlation between the physical properties defined for a specific rock type in the laboratory with a seismically determined velocity for a given crustal depth interval assumes that the laboratory conditions correctly mimic in situ conditions and that the rock type in question is distributed homogeneously within the crust at a scale of thousands of metres. Clearly, before such detailed correlations can be made with confidence, it must be demonstrated that plutonic rocks of various kinds are homogeneously distributed within the oceanic crust at seismic scales.
In order to establish the distribution of plutonic rocks within the oceanic crust, either a large number of deep holes must be drilled or structural windows that expose plutonic rocks must be carefully studied utilizing the in situ sampling and investigative capabilities of a manned submersible. In 1976 and 1977 the first of such submersible investigations was carried out with DSRV Ahin along the rift valley walls of the Mid-Cayman Rise (CAYTROUGH 1979; . Gabbroic and ultramafic rocks were found to crop out in many places on the escarpment providing the investigators with an opportunity to establish the vertical and lateral distribution of major rock types. Subsequently, several other diving programmes have demonstrated that similar plutonic assemblages are exposed on the walls of fracture zones (CYAGOR I1 Group 1984; OTTER 1985) and rift valley walls near fracture zones (Karson & Dick 1983; OTTER 1984) .
By establishing the physical properties of representative rock types recovered from the Mid-Cayman Rise escarpments and by integrating physical property data with the distribution of various lithologies constrained by careful in situ sampling, we can begin to establish whether or not the homogeneity suggested by seismic data may be more apparent than real. In this paper we attempt to integrate outcrop geology with laboratory measurements of the physical properties of gabbroic rock samples collected with Alvin from escarpments bounding the Mid-Cayman Spreading Centre. We first describe the geological setting and characteristics of the samples and then the laboratory measurements. Finally, we discuss the implications of our results for the interpretation of seismic refraction data from oceanic regions.
For a detailed discussion of the results of the submersible investigation of the Mid-Cayman Rise the reader is referred to CAYTROUGH (1 979), Stroup & Fox (1 98 1) and Malcolm (1981) , but those observations pertinent to this discussion will be briefly reviewed. The MidCayman Rise is a 110 km long accreting plate boundary (2 cm yr-' , full rate; Holcombe et al. 1973) characterized by an anomalously deep rift valley (> 5000 m; Fig. 1 is the product of a large number of inward facing, small-throw, faults with vertical displacements ranging from a few tens of metres to perhaps as much as 400 m. Despite the small fault offsets compared to the expected thickness of volcanic units and the oceanic crust, mafic plutonic rocks and even upper mantle peridotites are widely exposed on the rift valley walls. This is believed to be the result of crustal thinning due to a decrease in magma production in this relatively cold, near-transform environment Fox & Gallo 1984) . During the 18 dives with Alvin, 94 sampling stations were located along escarpments and 142 samples were recovered (Fig. 2) . The sampling interval along most traverses is 50-100m, and between traverses is -1000 m. Given this sampling interval, a definition of the vertical and lateral variability of rock distribution can be outlined. Gabbroic rocks of variable composition (gabbro, olivine-gabbro, troctolite and orthopyroxene-gabbro) and metamorphosed rocks (amphibolite, metagabbro) were the most abundant rock types (1 16 samples) recovered. The rest of the suite comprises lesser amounts of serpentinized ultramafic rocks (harzburgite, lherzolite, dunite, wehrlite) and fine-grained mafic rocks (basalt, diabase). The range of gabbroic rock types and primary igneous textures, as well as the variable expressions of deformation and alteration, are similar to that of gabbroic rocks collected previously by dredging from other oceanic regions (e.g. .
The spatial distribution of the rocks recovered from the two dive areas is heterogeneous and there is no regular distribution of the gabbroic rocks on the walls. At several outcrops, distinctly different rock types were collected within several metres of each other and careful comparison of rock types with respect to sample locations indicates that no lateral or vertical correlations or zonations can be made within the gabbroic suite. This heterogeneous distribution of igneous rock types is overprinted by an equally variable distribution of alteration and deformation features.
The apparent heterogeneity documented by in situ sampling raises an interesting question about the distribution of plutonic rock types at shallow crustal levels. It is reasonable to assume that this highly variable assemblage is representative of the igneous rocks thought to be emplaced at depths of -2 km and deeper at accretionary plate boundaries away from the influence of transform faults? An investigation of relationships developed within the upper portions of the plutonic complexes of ophiolites suggests that, to a first approximation, such an extrapolation is reasonable.
Ophiolite complexes, although their specific accretionary environment during formation is often ambiguous, provide some important insight into the nature of the plutonic foundation of the oceanic crust. In the best preserved ophiolites (for example, Bay of Islands Complex-Casey et a1 1981; Karson, Collins & Casey 1984; Samail-Pallister & Hopson 1981; Smewing 1981 ) a fairly consistent assemblage occurs on a broad regional scale (tens of kilometres). Beneath a relatively fine-grained, rapidly cooled carapace of basalt and diabase (similar to that drilled at DSDP site 504B, Anderson et al. 1982) , 1-2 km of gabbroic rocks with highly variable compositions and textures occur. These include gabbro, olivine-gabbro, anorthositic-gabbro, diorite, quartz-diorite, affected by varying degrees of hydrothermal metamorphism. The gabbros are often cut by numerous diabase dykes, but elsewhere gabbros clearly intrude the base of the overlying dyke rocks. Deformation and metamorphism are spatially related and heterogeneously distributed through this interval. Seawater which has become involved in metamorphic reactions has clearly gained access to these crustal depths via fault zones although given the distribution of hydrous minerals, the effects of water have been spatially variable. Amphibolite facies mineralogy is generally restricted to fault zones and greenschist facies alteration occurs in laterally discontinuous patches. These relations are expected to form along the roof zone of a magma chamber beneath a spreading centre. Beneath these rocks the effects of hydration become progressively less obvious and generally disappear over a vertical interval of about 1.0 km. At these mid-crustal levels igneous mineralogy and igneous cumulate layering are preserved and locally include minor layers of ultramafic cumulates. This material grades downward into a mafic/ultramafic transition zone in which the thickness and proportion of ultramafic layers increases rapidly, usually over an interval of about I .O km. Ultramafic cumulates and residual upper mantle harzburgites floor this assemblage. The thicknesses of the units mentioned above are quite variable (e.g. Casey et al. 1981 ; Dahl & Juteau 1986; Karson et al. 1984) , but the total crustal thickness is usually about 4-6 km. The relatively small relief of fault scarps that expose most of the gabbroic rocks on the seafloor suggests that the original structural level of these rocks is equivalent to the uppermost part of the ophiolite plutonic section. With increasing depth within the plutonic section of ophiolites, the crustal rocks generally become much more homogeneous, in terms of igneous mineralogy, deformation and metamorphism, than the variable suite collected from the seafloor. This applies to ophiolite rocks from the scale of hand specimens to the scale of well-exposed outcrop areas several hundred metres across.
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P E T R O G R A P H Y
The petrographic character of the plutonic rocks collected with DSRV Alvin at the MidCayman Spreading Centre is discussed in several previous publications (CAYTROUGH 1979; Malcolm 1979 Malcolm , 1981 . For the purposes of this paper we will discuss only the general features of the specific rock samples used in this study, emphasizing the features that we believe may influence the seismic properties of the rocks.
,
The range of igneous rock types examined in the present study fall within a limited range from gabbro to troctolite. Orthopyroxene-bearing gabbros are rare. All of these lithologies show a wide range of deformation structures and degrees of metamorphism. Igneous mineralogies have been affected to varying degrees by brittle or ductile deformation or both, resulting in a wide range of textures including undeformed igneous cumulate textures, with superimposed protogranular, porphryroclastic, and mylonitic textures that have formed under both hydrous and anhydrous conditions. The extent to which deformation microstructures affect individual rock samples is quite variable. In some samples deformation is pervasive, whereas in others pristine igneous material grades rapidly into intensely fractured or foliated material.
The extent of metamorphic recrystallization in individual samples is generally very inhomogeneous and tends to be concentrated in regions of localized strain. Many of these gabbroic rocks have networks of closely spaced fractures filled with greenschist facies minerals. Others are penetratively foliated and have pervasive amphibolite facies mineralogies. There is a tendency for the amount of strain and pervasiveness of metamorphism to be proportionally related. In general, the more MgO-rich rocks are less extensively altered, but show higher temperature metamorphic assemblages where present. It is not clear to what extent this relationship reflects the distribution of rocks with depth beneath the seafloor or if this is simply due to a sampling bias.
The suite of samples studied here include gabbros, olivine-gabbros, troctolites, and amphibolites. Each of these petrographic groups is quite diverse in its style and range of deformation and metamorphism, but some systematic variations appear to exist.
The gabbros are mainly plagioclase and clinopyroxene cumulates with minor interstitial olivine and brown hornblende. Microfractures and veins transect all the samples and are the locus of restricted hydrothermal mineral growth (Fig. 3a) . These minerals include chlorite, epidote, and actinolite. Besides the vein fillings, pervasive replacement of igneous minerals to produce pseudomorphs occurs in some samples. Deformation microstructures include nearly anhydrous porphyroclastic and mylonitic textures with extensive recrystallization of plagior lase (Fig. 3b) . In other samples, microfracturing and cataclasis are associated with green-,chist facies mineralogy.
The olivine-gabbros show a similar range of variation. Cumulate igneous textures are more obvious where tabular plagioclase defines a weak foliation. Olivine grains are typically highly deformed and recrystallized along with the plagioclase in anhydrous samples. Differences in strength of the constituent minerals has resulted in domainal or phacoidal textures. Lowtemperature, hydrous, brittle deformation has affected samples with either igneous or hightemperature deformation textures. In these samples greenschist facies minerals and serpentine seal fractures and veins.
Unlike the previous two groups, the troctolites, olivine-plagioclase rocks, appear to be much less deformed. Cumulate textures are partially overgrown or replaced by greenschist facies minerals and serpentine resulting in psuedomorphs of the original igneous textures. More pervasive replacement occurs along fractures (Fig. 3c) .
Although highly deformed and recrystallized, the amphibolites appear to have been derived from gabbro protoliths. Some have coarse grain sizes and strong foliations or lineations or both, whereas others are banded mylonites. Augen of brown hornblende are present in many samples (Fig. 3d) . One sample lacks any strong deformation microstructure.
L A B O R A T O R Y P R O C E D U R E
Specimens chosen for seismic velocity measurements were cored from the samples collected by Alvin with a diamond drill with inside diameter of approximately 13 mm. The ends of each core were cut off at right angles to the core axis and polished t o produce smooth parallel faces. The cores ranged in length from 2.7 to 5.2 cm (4.1 cm average length). When sample size permitted, three mutually perpendicular cores (x, y , z ; Fig. 4 ) were drilled in order to determine any significant seismic anisotropy. Seismic anisotropy has been observed in many rock types and at elevated confining pressures (above approximately 100 MPa) is clearly a function of the internal fabric of the rock (Birch 1961; Brace 1965; Christensen 1965; Carter, Baker & George 1972; Peselnick, Nicolas & Stevenson 1974 ; Kroenke e t al. 1974; Karson 1982) . In the present study cores were oriented both normal and parallel to mesoscopic foliations and parallel to lineations, where present, in order to determine the expected maximum anisotropy in a given sample. Where no obvious fabric was present, a single randomly oriented core was drilled. Some unusually long cores were cut into segments (a, b, c; Fig. 4 ) in order t o determine any significant velocity variations in a single direction.
All cores were soaked in acetone and later dried for 4-6 hr at 80-90°C. Cores were stored in a dessicating cabinet until just prior to being pressurized. Densities were calculated from averaged multiple measurements of the core dimensions and their mass. Specimens were sealed in copper foil jackets (0.002 inch thick) to exclude the liquid pressure medium from cracks and pore space in the rock cores.
Compressional and shear waves were generated with ceramic transducers with 1 .O MHz resonant frequency. Electrical leads attached to the transducers pass through the seals of the pressure vessel. Velocities were calculated from sample length and the time delay, measured electronically, between an initial pulse and the appearance of the desired phase on an oscilloscope display. Compressional wave velocities are precise to within 2.0 per cent and shear wave velocities to within 3.0 per cent of the velocity at 200 MPa (2 kb) confining pressure. Both were calibrated with respect to laboratory standards to reduce errors in choosing first arrivals on the oscilloscope display.
Elevated confining pressures up to 200 MPa were produced in a small pressure vessel with a mixture of mineral spirits and hydraulic oil as a pressure medium. Confining pressures were measured directly on a Heise gauge. Velocity measurements were made at 10-15 points during both increasing and decreasing pressure cycles from approximately 3 .O to 200 MPa. Hysteresis between increasing and decreasing pressure cycles, generally attributed to anelastic crack behaviour (Birch 1961; Christensen 1965; Fox et al. 1973) , was small for most samples and was negligible for confining pressures corresponding to middle to lower oceanic crustal depths (i.e. 75-200 MPa). Velocities reported here are those measured on the increasing pressure cycle.
The degree of saturation and pore fluid pressure at various depths of the oceanic crust are at present poorly constrained. These parameters are important because they influence seismic velocities in laboratory experiments and may affect crack interaction and the geometry of crack closure during increasing pressure. The history of the cracks in the Cayman gabbros is complex and poorly known and it is not possible to distinguish between the population of cracks believed to be characteristic of the specific crustal level from which the samples come and that population of cracks created during emplacement of shallow crustal levels during sample recovery and during sample preparation.
Velocities of water saturated samples compared to those of oven-dried samples may vary considerably (Simmons & Nur 1968; Dortman & Magid 1969; Christensen 1970b) . Laboratory experience, however, shows that seismic velocities of water saturated oceanic gabbros from various localities are higher by approximately a maximum of 5 per cent than their oven-dried equivalents (Christensen & Salisbury 1975) . For the Cayman gabbros, velocities increase rapidly with increasing confining pressure from 0.1 to 100 MPa. At increasing confining pressures, above approximately 100 MPa, velocities increase only slightly. From this relation we infer that a large percentage of available pore space has closed by that point and that saturated and dry velocities should not be very different for pressures corresponding to middle oceanic crustal depths. Therefore, we report only velocities of dry rocks. In situ measurements of the physical properties and petrography of the oceanic crust to approximately 1 .O km depths at DSDP hole 504 B (Anderson et al. 1982; Becker et al. 1982) support the notion that the importance of cracks and alteration rapidly decreases at that depth.
Results of velocity measurements
The results of velocity measurements are reported in Table 1 and summarized in Fig. 5 and Table 2 . In Table 1 compressional and shear wave velocities of the samples are reported for the largest inhomogeneities that can be resolved would be on the order of a few hundred metres across (e.g. Bratt & Purdy 1984) . If the gabbroic rocks examined in this study are representative of the upper portion of layer 3, the velocities of these diverse yet closely spaced rock types will certainly be averaged together. Therefore, we treat the four groups as a single population and list the mean properties of the sample population in Table 2 . The ranges and means of these properties are displayed graphically in 
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Symbols as in Table 1 and n -number of measurements; s -standard deviation. major changes in these parameters. These mean compressional and shear wave velocities are within the range of velocities commonly reported for seismic layer 3 of the oceanic crust (Fox et al. 1973; Christensen & Salisbury 1975) . The range of sample velocities as well as Vp/& and Poisson's ratio are quite broad and in fact extend into the ranges commonly cited for other lithologies (Christensen 1970a (Christensen , 1972 (Christensen , 1978 Nichols et al. 1980; Spudich & Orcutt 1980b; Christensen & Salisbury 1982) . This wide range can be attributed to variations in igneous mineralogy, sample inhomogeneity, anisotropy, degree of alteration, and fractures and pore space. All of our samples were measured dry, but variations in pore fluid pressure expected in nature would make the velocities even more variable (Hyndman & Drury 1976; Christensen 1984) . The range and frequency distribution of compressional wave velocities reported here are similar to those reported for plutonic rocks from other oceanic and ophiolite suites (Fig. 6) . These, however, include a wide range of gabbros, diabases, peridotites and their deformed and metamorphosed products. With Fig. 6 we wish to emphasize that compressional wave velocities for these lithologies span a very wide range and therefore it is not possible to convincingly correlate a crustal velocity interval with a specific lithology. Interestingly the maximum frequency in Fig. 6, 6 .75-7.00 km s-l coincides with a range of velocities often quoted for the upper few kilometres of layer 3. From this it would seem reasonable to regard layer 3 as a potentially very diverse suite of variably deformed and altered plutonic rocks. Figure 6 . Histogram showing the frequency distribution of compressional wave velocities for 849 plutonic rocks from ophiolites and the seafloor. These include peridotites, serpentinites, gabbros, rnetagabbros, geenstones, and metadiabases. Velocities reported from both dry and water-saturated, low pore-pressure conditions are included. Data sources and confining pressures as follows: miscellaneous oceanic rocks (Fox et al. 1973) , 100 MPa;Papua, New Guinea, Ophiolite (Kroenke et al. 1974) , 100 MPa; Blow me down Massif, Bay of Islands Ophiolite (Salisbury 1974) , 100 MPa; miscellaneous oceanic rocks (Christensen & Salisbury 1975) , 100 MPa; Ming's Bight and Betts Core Ophiolites (Peterson 19751 , 100 MPa; California Ophiolites (Christensen 1978) , 100 MPa; Point Sal Ophiolite (Nichols 1978 To illustrate the range of VJV, for the data set reported here, we plot these parameters on a graph (Fig. 7 ) similar to that used to demonstrate the relationship between VJV, and lithology in oceanic crust (Spudich, Salisbury &. Orcutt 1978; Spudich & Orcutt 1980a, b) . From this plot it is clear that VJV, for these Cayman Trough rocks do not discriminate between the various lithologies examined. More importantly, the range of Vp/V, reported here spans that of many other lithologies (including even serpentinites, basalts, greenstones, etc.) reported from oceanic rocks and ophiolites that have been compared to the Vp/V, structure o f oceanic crust determined from seismic refraction experiments. In this plot several features are especially noteworthy. All of the gabbroic rocks show a wide range of Vp/V, values at 100 MPa. Fresh (undeformed and deformed) rock samples plot at higher velocities than do corresponding altered rocks. Amphibolites tend to have the lowest velocities, but exhibit a wide velocity range 'probably due to their anisotropy. Troctolites have the widest range and the highest velocities, but some fresh gabbros approach these high velocities. The plotted field of Vp/G values is broader at the lower velocity end, suggesting more variability in the lower velocity rocks with more cracks and alteration, and may also reflect sample anisotropy. Troctolites and olivine-gabbros define relatively narrow fields compared to the gabbros and amphibolites again reflecting the more heterogeneous nature of the latter two groups. In general there are wider ranges and somewhat lower compressional and shear wave velocities from the present study than those reported elsewhere (e.g. Fox et al. 1973; Salisbury & Christensen 1978 , in Spudich et al. 1978 and this is probably due to measurements made under different pore water pressure conditions. As already mentioned, laboratory experience shows that at low confining pressures (< 50 MPa) water saturated samples have velocities about 5 per cent higher than dry samples of the same rock. Considering this difference, the two fields of data would overlap much better. Even with this adjustment, however, there is no correlation between rock type and V,/V,. Clearly V,/& is not likely to be a useful parameter to use in trying to match physical properties of specific rock types (i.e. basalt, diabase, gabbro, troctolite, etc.) with specific velocity intervals in the oceanic crust.
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TWO causes for the broad ranges of physical properties reported here are sample inhomogeneity and anisotropy. In Table 3 (a) velocity changes that occur along a single direction in rock samples are listed. These changes are due t o variations of igneous mineralogy, metamorphism, deformation structures, etc. that occur on the scale of a few centimetres and are obviously too small to be resolved by marine seismic studies. These variations and similar inhomogeneities that occur on scales up to the seismic scale would be averaged together during the passage of a seismic wave to give a velocity that is the averaged sum of a large number of distinct velocity intervals. An infinite number of combinations of small-scale features could produce a similar velocity structure at the sqismic scale.
In strongly foliated samples, especially where metamorphic recrystallization has occurred, seismic anisotropy is found. In general, for an individual sample, slower velocities are measured normal to any prominent foliation and faster parallel to any linear fabric (Table  3b ). Measurements at elevated confining pressures, where the effects of cracks should be negligible, indicate that preferred crystallographic orientations of anisotropic mineral phases are responsible for this anisotropy. Similar anisotropies have been documented in other deformed and metamorphosed rocks (Birch 1961 ; Brace 1965; Carter et al. 1972; Kroenke et al. 1974; Christensen & Salisbury 1975; Karson 1982) . Foliated rocks at seafloor outcrops appear to be widely distributed on the scale of metres to tens of metres and therefore are probably averaged along with other inhomogeneities to give layer 3 velocities in oceanic crust. No broad-scale regional anisotropy is expected in layer 3 unless rock fabrics are consistently oriented on a regional scale along closely spaced fault zones or shear zones. One environment where anisotropy at a regional scale may be developed is along transform faults where a wide (several kilometres) region of deformed, anisotropic material with strong preferred orientation may occur (Karson 1982) . At present it is not clear to what extent extensional tectonics along spreading centres creates strong anisotropy in the upper to middle crust.
Discussion
Historically, seismologists modelled the oceanic crust as a series of layers with discrete velocity ranges. In recent years, however, these velocity intervals have also been characterized by velocity gradients. Layer 2 has a steep velocity gradient (-2 s-') with velocities increasing rapidly with depth and ranging from about 3.5 to 6.0 km s-l. Discrete gradient changes in some places have lead to subdivision into layers 2A, 2B and 2C. The total thickness of layer 2 is usually -2 km. Layer 3 has a very gentle gradient (-0.1 s-') and typically has velocities at 6.5-7.0 km s-l. The thickness of layer 3 is typically 3-5 km. The 'Moho' discontinuity appears as a fairly abrupt (-1 km thick) transition to velocities of 8.0 * 0.2 km s-l in the upper mantle. From laboratory seismic measurements (Fox et al. 1973; Christensen & Salisbury 1975) , deep-drilling (e.g. Anderson et al. 1982) , and comparison with the internal structure of ophiolites (Peterson, Fox & Schreiber 1974; Christensen & Salisbury 1975 Salisbury & Christensen 1978; Casey eral. 1981 ) these different velocity intervals appear to have the following first-order lithologic correlations: layers 2Aand 2B -basa1ts;layer 2C -sheeted dykes; layer 3 -gabbroic rocks; upper mantle -ultramafic rocks. Besides these general lithological associations, it is clear that many other factors such as porosity, pore fluid pressure, crack geometry, metamorphic history, etc. may influence seismic velocities. At shallow crustal levels cracks and void space appear to be the most important of these (e.g. Hyndman & Drury 1976; Schreiber & Fox 1976 , 1977 . Basaltic rock samples from drill holes have much higher laboratory seismic velocities than the seismic refraction velocities determined for the uppermost part of the crust from which they have been drilled. This suggests that cracks that are spaced at intervals larger than the samples used for laboratory study control the velocity of layer 2A (Talwani, Windisch & Langseth 1971 ; FOX er a2. 1973; Kirkpatrick 1979; Spudich & Orcutt 1980a) .
So far we have interpreted our velocity data for a diverse suite of gabbroic rocks in terms of the constitution of seismic layer 3. An interesting question to address is the possible role of gabbroic rocks at shallow levels (i.e. layer 2) within the crust. Recent seismic refraction studies, when corrected for topography, indicate that Atlantic Ocean crust has a consistent seismic velocity structure with average crustal thickness of about 7 km and well-defined seismic discontinuities at the layer 2/3 boundary and the Moho (Purdy 1983; White & Purdy 1983; Purdy & Ewing 1986) . This applies to crustal blocks up to tens of kilometres long on both old (140 Myr) and young (9 Myr) lithosphere. These data, which define crustal velocity structure at a regional scale, are difficult to reconcile with the results from DSDP holes in the North Atlantic. Despite rigorous efforts to select and survey regions of 'normal' oceanic Figure 9 . Schematic block diagram showing the internal structure of the oceanic crust produced at slow spreading rates based on observations from ophiolite complexes, seafloor escarpments, oceanic rock samples, and in situ and laboratory seismic velocity measurements. Major variations in geological structure result from both thermal effects (i.e. position relative to areas of low magma production such as fracture zones) and mechanical effects (i.e. different amounts and styles of extension). Note, no age-related tectonic thinning is implied here. Patches of 'normal' crust that conforms to ophiolite models may be separated by patches with much more complex internal geological structures, however, both may have similar seismic structures. In other words, the geological expression of layers 2 and 3 and the Moho may vary from place to place. Symbols as follows: s -serpentinite; squiggles -foliated shear zones; stippled -breccias and pelagic sediment. crust for drill sites, five of 19 holes on the Mid-Atlantic Ridge (Legs 37, 45 and 82) encountered gabbroic or ultramafic rocks, breccias and only minor amounts of volcanic rocks at shallow levels within the crust (< l 0 0 m ; e.g. Leg 82 Scientific Party 1982) . In order to reconcile the seismic and lithological data, although not from exactly the same sites, we suggest that, just as in the case of the fine-grained constituents of hole 504B (Anderson et aZ. 1982) , the mineralogy and igneous texture of rocks at shallow levels (< 1 km) in the Atlantic probably play a secondary role in determining the seismic velocity structure. Porosity, crack structure, and alteration of the rocks, regardless of igneous composition are all likely to change the physical properties of plutonic rocks emplaced at shallow levels and may result in velocities typical of layer 2. At mid-crustal levels where cracks are closed and less abundant, milleralogy may play a major role in determining velocity and gabbroic rocks may predominate. Where deep fracturing has occurred serpentinites may also be abundant. That plutonic rocks may, even on a broad scale, have velocities more typical of layer 2 than layer 3 or mantle has been demonstrated by seismic studies across the Troodos Ophiolite of Cyprus (Khan el al. 1972; Lort & Matthews 1972) . Similar results would be expected for refraction experiments shot across exposed plutonic terranes near fracture zones or the Mid-Cayman Spreading Centre.
If the available seismic and drilling data are generally applicable to Atlantic Oceanic crust two possible limitations in interpreting seismic data are implied. One possibility is that the crust in the Atlantic, and in other areas produced by relatively slow-spreading ridges, is lithologically heterogeneous at scales below the resolution of seismic such that significant geological complications in lithological structure are routinely integrated with more normal crust to give a picture of apparent uniformity (Fig. 8a) . Alternatively, seismic studies may not be able to resolve geologically significant variations in lithology, even on a broad scale, due t o the control of velocity by factors other than mineralogy and texture (Fig. 8b) . These two different possible interpretations of seismic data are both consistent with the currently available data from drilling, seismic studies, and ophiolites. In some places gross lithology on a broad scale (a few hundred metres to a few kilometres) may be accurately determined by seismic studies while in others, only regional crack structure will be reflected. Generally, we expect a combination of these two situations (Fig. 9 ) in most places. Significant variations in lithological layering and crack structure are expected among crust formed at very different spreading rates, in marginal basins, at different distances from fracture zones, along continental margins, at propagating rift tips etc., as well as for crust of different age and sediment cover/age relationships.
From this study we conclude that there is, at present, no reliable parameter that can be used t o correlate seismic velocity on a hand specimen or seismic refraction scale with lithology for likely constituents of the oceanic crust. Only velocities in excess of 8.0 kms-', indicating anhydrous peridotite below the Moho are unambiguous. Although seismic refraction provides extremely important data on a regional scale, correlation between seismic structure from refraction studies and any implied geological structure of the oceanic crust cannot be justified in the absence of much more extensive drilling data which establish at what scales rock types of various compositions and alteration histories are distributed within the oceanic crust.
